ABSTRACT The Vps13 protein family is highly conserved in eukaryotic cells. Mutations in human VPS13 genes result in a variety of diseases, such as chorea acanthocytosis (ChAc), but the cellular functions of Vps13 proteins are not well defined. In yeast, there is a single VPS13 orthologue, which is required for at least two different processes: protein sorting to the vacuole and sporulation. This study demonstrates that VPS13 is also important for mitochondrial integrity. In addition to preventing transfer of DNA from the mitochondrion to the nucleus, VPS13 suppresses mitophagy and functions in parallel with the endoplasmic reticulummitochondrion encounter structure (ERMES). In different growth conditions, Vps13 localizes to endosome-mitochondrion contacts and to the nuclear-vacuole junctions, indicating that Vps13 may function at membrane contact sites. The ability of VPS13 to compensate for the absence of ERMES correlates with its intracellular distribution. We propose that Vps13 is present at multiple membrane contact sites and that separation-of-function mutants are due to loss of Vps13 at specific junctions. Introduction of VPS13A mutations identified in ChAc patients at cognate sites in yeast VPS13 are specifically defective in compensating for the lack of ERMES, suggesting that mitochondrial dysfunction might be the basis for ChAc.
INTRODUCTION
Yeast VPS13 is the founding member of a highly conserved gene family found in all eukaryotes. In humans, there are four VPS13 orthologues: VPS13A, B, C, and D (Velayos-Baeza et al., 2004) . Mutations in VPS13A, B, and C are associated with the neurodegenerative disorder chorea acanthocytosis (ChAc), the developmental disorder Cohen syndrome, and Parkinson's disease, respectively (Ueno et al., 2001; Kolehmainen et al., 2003; Lesage et al., 2016) . Despite the importance and conservation of this family, the functions of the different Vps13 family proteins are elusive.
Most of our knowledge of VPS13 function comes from studies in Saccharomyces cerevisiae, in which there is just a single version of the gene. VPS13 was originally identified by a mutant that is defective in sorting the vacuolar protease carboxypeptidase Y (CPY) to the vacuole, resulting in secretion of CPY protein (Bankaitis et al., 1986) . This sorting defect is due to a failure to transport the sorting receptor for CPY from the endosome to the Golgi (Brickner and Fuller, 1997) . VPS13 is also required for the process of sporulation, which is independent of its function in vacuolar sorting (Brickner and Fuller, 1997; Enyenihi and Saunders, 2003; Nakanishi et al., 2007; Park and Neiman, 2012) . A critical step in spore formation is the de novo synthesis of prospore membranes that encapsulate the haploid products of meiosis (Neiman, 2011; Park and Neiman, 2012) . VPS13 is essential for prospore membrane formation, in which it promotes the presence of the lipids phosphatidylinositol (PtdIns)-4-phosphate and PtdIns-4,5-bisphosphate. This function appears to be conserved, as a reduction in PtdIns-4-phosphate levels at plasma membranes was also observed when VPS13A was knocked down by RNA interference in mammalian cell lines (Park and Neiman, 2012; Park et al., 2015) . These results implicate VPS13 in some aspect of lipid metabolism, although whether VPS13 directly affects lipid creating a frameshift that truncates the protein from 3147 to 533 amino acids (Table 1) . Consistent with vps13-31 being a null mutant, vps13∆ exhibited a similar high level of Trp + papillae. Although vps13 mutants show no respiration defects, that is, they are competent to grow on nonfermentable carbon sources, the mitochondrial escape phenotype suggests that mitochondria are more fragile and susceptible to breakage and DNA release phosphorylation or influences the levels of these lipids through a more indirect mechanism is not known.
Membrane contact sites are created where membranes from two different organelles form stable junctions (Helle et al., 2013) . These sites may mediate transfer of lipids and ions between organelles (Henne et al., 2015; Olkkonen, 2015; Raiborg et al., 2015; Schrader et al., 2015) . Many different protein complexes have been defined at membrane contact sites, which generally consist of 1) structural proteins that serve to link the membranes together and 2) transfer proteins that are recruited to the contact site to mediate exchange of material. Different contact sites can be functionally linked so that sites between one pair of organelles respond to changes in sites between a different pair of organelles (Elbaz-Alon et al., 2014 , 2015 . For instance, when subunits of the endoplasmic reticulum (ER)-mitochondrion contact site ERMES are mutated, a vacuolarmitochondrial contact site called vCLAMP expands (Elbaz-Alon et al., 2014; Honscher et al., 2014) . The combination of mutants in both ERMES and vCLAMP subunits is lethal, supporting the idea that the vCLAMP contact site expansion occurs to compensate for the loss of ERMES (Elbaz-Alon et al., 2014; Honscher et al., 2014) .
The ERMES complex comprises the integral ER membrane protein Mmm1, the outer mitochondrial membrane proteins Mdm10 and Mdm34, and the soluble protein Mdm12 (Kornmann and Walter, 2010) . Disruption of the genes encoding these proteins causes the loss of ERMES contact sites. Mutants deleted for MMM1 are viable but grow slowly. They rapidly lose mitochondrial DNA and cannot grow on nonfermentable carbon sources such as glycerol (Hobbs et al., 2001; Hanekamp et al., 2002) . Deletion of VPS13 is synthetically lethal in combination with mutants in different subunits of the ERMES complex, including mmm1∆ (Costanzo et al., 2010; Hoppins et al., 2011; Lang et al., 2015) . The requirement for VPS13 in the absence of ERMES suggests a third, distinct role for VPS13 in mitochondrial homeostasis, as well as a connection between VPS13 and membrane contact sites.
This study reports that the vps13∆ mutants display mitochondrial defects, identifying a role for VPS13 in mitochondrial homeostasis. Separation-of-function alleles were identified that affect both the function and localization of the protein. Altering the distribution of Vps13 results in different phenotypes, suggesting a model in which VPS13 functions at multiple membrane contact sites to promote different cellular processes. In addition, mutations found in ChAc patients, when introduced into the yeast VPS13, result in specific loss of the mitochondrial homeostasis function of VPS13, suggesting that the neurodegenerative symptoms of ChAc could be due to mitochondrial dysfunction.
RESULTS

VPS13 is important for mitochondrial integrity
Defects in mitochondrial integrity can be detected using an assay for mutants that exhibit an increased frequency of transfer of mitochondrial DNA (mtDNA) from the mitochondrion to the nucleus (defined as "mitochondrial escape"; Thorsness and Fox, 1993) . The mitochondrial escape assay uses a strain in which the TRP1 gene is deleted from its chromosomal locus in the nucleus and inserted instead into the mitochondrial genome, rendering the cells auxotrophic for tryptophan. Transfer of the TRP1 gene from the mitochondrion to the nucleus allows appropriate expression, resulting in growth on medium lacking tryptophan. The MMM1 gene was previously identified by this screen (Hanekamp et al., 2002) . An allele of VPS13, , showed high levels of Trp + papillae in this assay, indicating a loss in mitochondrial integrity ( Figure 1A ). The vps13-31 mutation is a deletion of base pair 1565, FIGURE 1: Mitochondrial phenotypes of vps13 alleles. (A) mtDNA escape assay. Wild-type WT; PTY44), vps13∆ (JKY2), vps13-31 (PTY66), and VPS13-L822F (MTY71) strains carrying a chromosomal TRP1 deletion, an insertion of TRP1 into the mitochondrial genome, and the indicated VPS13 alleles were grown as patches on complete ethanol/ glycerol medium at 30°C for 2 d and then replica plated to minimal glucose medium lacking tryptophan (-Trp) to select for transfer of TRP1 to the nuclear DNA and incubated for 5 d at 30°C. The number of papillae growing in each sector reflects the frequency of transfer of mtDNA to the nucleus for that strain (Thorsness and Fox, 1993) . (B) Mitophagy assay in WT (BY4741) and vps13∆ (KO1) cells grown in YPA expressing mtRosella, a fusion protein between a pH-sensitive GFP called pHluorin and RFP. Staining with the vacuolar lumen dye blue CMAC was used to determine the position of the vacuole. Scale bar, 5 μm. (C) Quantification of mitophagy assay in cells grown with or without nitrogen. The percentage of cells in the culture displaying mitophagy (indicated by red vacuolar fluorescence) was assessed in WT (BY4741), vps13∆ (KO1), atg32 (KO5), and vps13∆ atg32∆ (JSP461-1) cells expressing mtRosella and grown in the presence of nitrogen (+N) or the absence of nitrogen for 5.5 h to induce mitophagy (−N). The averages from three biological replicates are plotted with error bars representing the SD. At least 200 cells were analyzed for each strain in each replicate. Asterisks indicate a statistically significant difference as assessed by Student's t test.
evidence of a role for VPS13 in mitochondrial function came from the discovery that several spontaneous dominant suppressors of the mmm1∆ growth defect are nonnull alleles of VPS13 (Hanekamp et al., 2002;  Table 1 and Figure 2A ). Mutants in MMM1 rapidly lose mtDNA (Hobbs et al., 2001) . Therefore, to determine whether the VPS13 dominant suppressors bypass the requirement for MMM1 for respiration, it was necessary to first reintroduce mtDNA into the VPS13-X mmm1∆ deletion strains. This was done by crossing each (Campbell and Thorsness, 1998) . These unstable mitochondria might therefore exhibit other phenotypes as well. Mitophagy is a specialized type of autophagy induced by nitrogen starvation in which mitochondria are degraded in the vacuole (Kanki et al., 2009; Okamoto et al., 2009) . Mitophagy can be assayed using the marker mtRosella, which consists of a red fluorescent protein (RFP) and a pH-sensitive green fluorescent fusion protein (pHluorin) that is targeted to the mitochondrial matrix (Rosado et al., 2008; Mijaljica et al., 2011) . In the mitochondrion, both moieties fluoresce, and overlapping green and red fluorescence is seen in the microscope. However, if the mitochondrion is degraded in the vacuole by autophagy, mtRosella is delivered to the vacuolar lumen. Vacuoles can be visualized with a blue fluorescent dye, 7-amino-4-chloromethylcoumarin (CMAC; Stefan and Blumer, 1999) . Whereas mtRosella is resistant to vacuolar proteolysis, the lower pH of the vacuolar lumen specifically inhibits the green fluorescence (Mijaljica et al., 2011) . Therefore red fluorescent vacuoles serve as an indicator of mitophagy.
VPS13 suppresses basal levels of mitophagy, as a fivefold increase in red fluorescing vacuoles was observed in vps13∆ cells grown in the presence of nitrogen (Figure 1 , B and C; Kanki et al., 2009; Okamoto et al., 2009) . As previously reported, the absence of nitrogen caused an increase in the fraction of wild-type cells exhibiting mitophagy (Kanki et al., 2009; Okamoto et al., 2009) . The frequency of mitophagy was further increased threefold in vps13∆ ( Figure 1C) . VPS13 suppresses the canonical mitophagy pathway, as the increase in red-fluorescing vacuoles depended on ATG32, a gene that is specifically required for mitophagy ( Figure 1C ; Kanki et al., 2009; Okamoto et al., 2009) . The requirement for VPS13 in preventing mitochondrial escape and mitophagy indicates a new role for VPS13 in promoting the structural integrity of mitochondria.
Dominant mutants in VPS13 suppress mmm1∆
Deletion of MMM1 results in slow growth on glucose medium, abnormal mitochondrial morphology, and failure to grow on nonfermentable carbon sources (Hobbs et al., 2001 ; Figure 2 Originally designated YNT61-1 (Hanekamp et. al., 2002) . Originally designated YNT61-3 (Hanekamp et. al., 2002) . MMM1 gene could be lost from the VPS13 control. Therefore fusion of GFP to the end of VPS13 creates an allele that is specifically defective in the ability of VPS13 to compensate for the loss of ERMES.
To create a fully functional GFP-tagged version of VPS13 for protein localization studies, GFP was either fused at the 5′ end of the gene (GFP N -vps13) or inserted in-frame between codons 1359 and 1360 of the gene (VPS13-GFP 1360 ). This region of VPS13 was strain to a ρ + haploid, sporulating the diploids, and dissecting tetrads to get haploid segregants. VPS13-X mmm1∆ ρ + strains were then tested for their ability to respire by looking at growth on the plates containing ethanol and glycerol as the sole carbon sources. All of the VPS13 alleles bypassed the MMM1 requirement for respiration, with growth rates ranging from slow to nearly wild type ( Figure 2B) . The mechanism by which these dominant mutants suppress MMM1 appears to be independent of mitochondrial integrity, as these mutants exhibited a low level of mitochondrial escape equivalent to wild type (e.g., VPS13-L822F is shown in Figure 1A ).
Vps13 family proteins have four major regions of conservation (Velayos-Baeza et al., 2004;  Figure 2C ). The highest level of conservation is found within the first 100 amino acids (aa) in what is termed the N-chorein domain (domain I in Figure 2C ). This is followed by an ∼1200-aa conserved region (domain II), a DUF1162 domain of ∼300 aa (domain III), and then an ∼500-aa region of homology related to the Atg2 protein (domain IV; Velayos-Baeza et al., 2004) . All of the suppressor alleles are missense mutations that localize within domain II ( Figure 2C and Table 1 ). In the yeast Vps13, domain II includes two copies of a repeated region with a core P-X 4 -P-X 13-17 -G motif (Velayos-Baeza et al., 2004;  shown as R1 and R2 in Figure 2C ). Four of the independently isolated suppressors mutated a conserved glycine in one or the other of these repeats, and many of the remaining suppressor alleles fall within R1 or R2. Lang et al. (2015) recently reported the isolation of five different mutations in VPS13 that suppress the growth defect of mmm1∆ or deletions of other ERMES subunits. All five of these mutations fall into domain II as well. Thus alteration of this region of the protein seems particularly prone to giving rise to mmm1∆ suppressors. Both vps13∆ and mmm1∆ exhibit a mitochondrial escape phenotype, the two mutants are synthetically lethal, and gain-of-function alleles of VPS13 can bypass mmm1∆ for respiration. Taken together, these observations suggest that VPS13 acts in parallel to ERMES to support mitochondrial homeostasis.
Green fluorescent protein fusions create separationof-function alleles of VPS13
A C-terminal fusion of Vps13 to green fluorescent protein (GFP; vps13-GFP C ) exhibits wild-type levels of sporulation (Park and Neiman, 2012;  Table 2 ). VPS13 and VPS10 (which encodes the CPY receptor in the vacuole) are both required for delivery of CPY to the vacuole (Bankaitis et al., 1986) . In the absence of these genes, a fraction of the CPY is missorted at the Golgi and secreted (Bankaitis et al., 1986; Figure 3B) . No secreted CPY was observed in the vps13-GFP C strain, however, indicating that this allele is functional for CPY sorting ( Figure 3B ).
In contrast, vps13-GFP C is synthetically lethal with mmm1∆, indicating that it lacks the VPS13 function that compensates for the lack of ERMES (Figure 3, C and D; Lang et al., 2015) . This was demonstrated in two ways. First, a VPS13/vps13-GFP C mmm1∆::kanMX6/ MMM1 double heterozygote was sporulated and the tetrads dissected. Given that VPS13 and MMM1 are unlinked, one-fourth of the spores should be double mutants. However, no viable vps13-GFP C mmm1∆::kanMX6 segregants were obtained from the dissection of 18 tetrads ( Figure 3C ; p <0.001, χ 2 test). Second, vps13∆ mmm1∆ strains are viable when they contain a replicating plasmid carrying MMM1 and URA3 as a selectable marker ( Figure 3D ). Because loss of the MMM1 gene on the plasmid is lethal, vps13∆ mmm1∆/pRS316-MMM1 cells cannot grow on medium containing the drug 5-fluoroorotic acid (5-FOA), which kills cells containing URA3 (Boeke et al., 1987) . Similarly, a vps13-GFP C mmm1∆/pRS316-MMM1 strain did not grow on 5-FOA ( Figure 3D ). In contrast, the 
carrying pRS316-MMM1 strains were grown overnight at 30ºC in YPD. Tenfold serial dilutions were spotted onto YPD or SD complete medium containing 5-FOA and grown at 30ºC for 3 d.
Vps13 moves to the prospore membrane in sporulation medium, in which acetate is the carbon source (Park and Neiman, 2012) . VPS13 is important for mitochondrial homeostasis (Figure 1 ), and chosen because it encodes a patch of lower amino acid conservation, as determined by alignment of the S. cerevisiae VPS13 with orthologues from closely related yeasts ( Figure 3A ). The GFP Nvps13 allele displayed phenotypes complementary to that of vps13-GFP C : the GFP N -vps13 diploid did not sporulate (Table 2) , CPY was secreted, similar to vps10∆ and vps13∆ ( Figure 3B ), and GFP N -vps13 was viable when combined with mmm1∆ ( Figure 3D ). By contrast, cells expressing VPS13-GFP 1360 , appeared wild type in all three assays ( Figure 3 and Table 2 ). These results demonstrate that three different processes known to require VPS13-sporulation, vacuolar sorting, and viability in the absence of MMM1-are genetically separable, suggesting that they result from loss of different aspects of VPS13 function. Moreover, VPS13-GFP 1360 seems to be fully functional, making it a useful reagent for localization studies.
Vps13 localizes to membrane contact sites
Like Vps13-GFP C , Vps13-GFP 1360 localized to the prospore membrane in sporulating cells (Huh et al., 2003; Park and Neiman, 2012; Figure 4A) . Consistent with studies using Vps13-GFP C in vegetative cells, Vps13-GFP 1360 was present in foci of which ∼85% colocalized with the late endosomal marker Did2-monomeric RFP (mRFP), suggesting that Vps13 localizes primarily to the endosome ( Figure 4B ; Huh et al., 2003; Lottridge et al., 2006) .
Vps13-GFP 1360 localization in a strain containing the mitochondrial marker mitochondrial blue fluorescent protein (mtBFP; Westermann and Neupert, 2000) revealed that ∼20% of the Vps13 puncta colocalized with mitochondria. When markers for Vps13, mitochondria, and endosomes were all present in the same cell, 91% of the Vps13GFP 1360 foci that overlapped with mtBFP also overlapped with Did2-mRFP ( Figure 4C ). That is, a fraction of the Vps13 in the cells is localized at sites where endosomal and mitochondrial membranes are in close proximity.
The localization of the three markers at these sites characteristically shows overlap between the Vps13 signal and the mitochondrial signal and overlap between the endosomal signal and Vps13 but little or no overlap between the endosome and the mitochondrion ( Figure 4C ). That is, Vps13 sits at the interface between the endosome and mitochondrion, suggesting that it is a component of a contact site between the endosomal and mitochondrial membranes. To our knowledge, this is the first identification of a protein at endosome-mitochondrial contacts. 
Hybrid diploids were created by mating haploids from the BY4741 background to the SK1 vps13∆ strain, HI27. ) that localizes to prospore membranes . White arrowheads indicate one prospore membrane of a developing tetrad. (B) Endosome localization. A strain expressing both VPS13-GFP 1360 and a tagged version of the late endosome marker DID2-mRFP (JSP527) was grown to mid log phase in synthetic glucose medium and analyzed by fluorescence microscopy. White arrows indicate overlapping foci. Of 655 total Vps13-GFP 1360 foci examined over four experiments, 561 displayed colocalization with Did2-mRFP. (C) Endosome and mitochondrial localization. Cells expressing Vps13-GFP 1360 , Did2-mRFP (Endo), and mtBFP (Mito; JSP512/pVT100U-mtBFP) were analyzed as in B. Arrows indicate sites where Vps13-GFP 1360 colocalizes with both the endosomal and mitochondrial markers. Of 423 total Vps13-GFP 1360 foci examined in two experiments, 97displayed colocalization with mtBFP. Of these 97, 87 also colocalized with Did2-mRFP. Scale bar, 5 μm. Bottom, higher magnification of the focus indicated by the yellow arrow. Scale bar, 1 μm. growth on nonfermentable carbon sources such as acetate requires mitochondria. Localization of Vps13-GFP 1360 was therefore examined in cells grown in yeast extract/ peptone/acetate (YPA) medium ( Figure 5 ). When acetate was the sole carbon source, the localization of Vps13-GFP 1360 was altered, with many cells displaying green fluorescence along one edge of the vacuole ( Figure 5, A and B) . This pattern is reminiscent of nuclear-vacuolar (NV) junctions, which are formed where the vacuole contacts the nuclear envelope (Pan et al., 2000) . NV junctions are created by the interaction of the integral ER protein Nvj1 with the peripheral vacuolar membrane protein Vac8 (Pan et al., 2000) . Vps13-GFP 1360 colocalized with an Nvj1-3xmCherry marker protein in cells grown in YPA, demonstrating that Vps13 is present at NV junctions ( Figure 5A ), as was also observed by Lang et al. (2015) . Thus the localization of Vps13 at different membrane contact sites varies, depending upon the carbon source.
Interaction of Nvj1 with Vac8 is necessary to recruit other proteins to the NV junction (Kvam and Goldfarb, 2004; Kvam et al., 2005) . To determine whether NVJ1 or VAC8 is necessary to recruit Vps13, we examined the localization of Vps13-GFP 1360 in nvj1∆ and vac8∆ cells. Cells were stained with both FM4-64 and Hoechst to visualize the vacuolar membrane and nucleus, respectively. The position of the NV junction is defined as the site where the nucleus abuts the vacuolar membrane (Pan et al., 2000) . Vps13-GFP 1360 was concentrated at the interface of the vacuole and nucleus to comparable degrees in wild-type, nvj1∆, and vac8∆ strains ( Figure 5 . B and C). This result is in contrast to a recent report that Vps13 localization to the NV junction depends on NVJ1 (Lang et al., 2015) . This discrepancy is not due to a problem with the assay, as delocalization of Nvj1 and Vac8 was observed 
The intracellular distribution of Vps13 correlates with function
The vps13-GFP C mutant is synthetically lethal with mmm1∆, and, conversely, dominant mutations such as VPS13-G718K suppress the mmm1∆ growth phenotype. To determine whether changes in Vps13 localization are correlated with these differences in activity, we examined the localization of Vps13-GFP C , Vps13-GFP 1360 , and Vps13
G718K
-GFP 1360 in YPA-grown cells. The localization patterns within individual cells were classified into four different categories: NV junctions only; NV junctions and cytoplasmic foci ("dots"); cytoplasmic foci only; and cells in which the signal was diffuse in the cytosol or only in the vacuolar lumen (the latter suggesting degradation of the fusion protein; Figure 6A ). The Vps13-GFP C protein localized more extensively than Vps13-GFP 1360 to NV junctions and was not present in cytoplasmic dots, suggesting that the absence of "dots" may be responsible for the synthetic lethal phenotype observed between vps13-GFP C and mmm1∆. In contrast, the number of cells with only dots was increased by introduction of the G718K mutation compared with Vps13-GFP 1360 ( Figure 6B ). The localization of Vps13-GFP C containing G718K was similarly shifted away from NV junctions to cells with dots. Furthermore, the introduction of the G718K mutation into vps13-GFP C suppressed the synthetic lethality with mmm1∆ ( Figure 6C ). Lang et al. (2015) observed a similar result using a different VPS13 mutant. We conclude that the Vps13-GFP C protein fails to reach some location at which its activity is critical to compensate for the loss of ERMES and that mutations in the region around G718 redistribute Vps13 back to this location.
Human disease-associated VPS13A mutations introduced into yeast VPS13 are synthetically lethal with mmm1∆
To elucidate why mutations in VPS13A in humans cause a neurodegenerative disorder, it would be helpful to determine which VPS13-dependent processes are affected by these mutations. Most of the identified VPS13A mutations are deletions or splice junction mutations that likely generate null alleles; however, six missense alleles have been identified in patient samples (Rampoldi et al., 2001; Dobson-Stone et al., 2002; Tomiyasu et al., 2011) . Alignment of Vps13A with yeast Vps13 identified cognate residues in the yeast protein for four of the amino acids changed by the missense mutations ( Figure 7A ). We then characterized VPS13 alleles in which these cognate amino acids were individually substituted with the amino acids encoded in the VPS13A disease alleles (L66P, C89K, L1107P, Y2702C; Figure 7B ) for effects on sporulation, vacuolar sorting, and synthetic lethality with mmm1∆.
No obvious phenotypes were observed for VPS13-Y2702C, indicating that this mutation does not alter the function of the yeast in vac8∆ and nvj1∆ strains, respectively ( Figure 5D ; Pan et al., 2000) . Our data indicate that Vps13 is recruited to the nuclear envelopevacuole interface independently of the canonical NV junction architectural proteins.
Different membrane contact sites can respond to one another (Elbaz-Alon et al., 2014 , 2015 Honscher et al., 2014) . That is, loss of one membrane contact site produces compensatory expansion of other sites. When wild-type and vps13∆ cells grown in YPA were compared, the region of Nvj1 localization was more extensive in the vps13∆ mutant ( Figure 5E ). Measurement of the length of the Nvj1-GFP fluorescence along the nuclear envelopevacuole interface in wild type and vps13∆ confirmed that Nvj1-containing junctions were longer in the vps13∆ cells ( Figure 5E ). Thus loss of VPS13 can lead to expansion of Nvj1-containing NV junctions, perhaps to compensate for the loss of Vps13-containing junctions. . The synthetic lethal interaction between vps13-GFP C and mmm1∆ can be suppressed by the relocalization of Vps13-GFP C to NV junctions by the G718K mutation ( Figure 6 ). The addition of G718K to vps13-L66P also redistributed the protein within the cells and suppressed the synthetic lethal phenotype with mmm1∆ ( Figure  8 , B and C). Thus the distribution of Vps13 within the cell correlates with its ability to promote mitochondrial homeostasis.
DISCUSSION
VPS13 is important for mitochondrial integrity
The synthetic lethality between null alleles of VPS13 and components of the ERMES complex suggests that VPS13 is somehow involved in mitochondrial function, but this connection could be indirect. This work demonstrates that VPS13 promotes mitochondrial integrity even when ERMES function is intact. VPS13 is required to prevent mitochondrial DNA from being transferred to the nucleus, an indicator of mitochondrial stability. Furthermore, VPS13 is required to prevent autophagy of mitochondria by the vacuole, a phenomenon that may be stimulated by less stable mitochondria. Whether the contribution of VPS13 to mitochondrial integrity is structural or is the result of a more indirect effect, for example, on lipid levels as is observed in sporulating cells, remains to be determined. What is clear is that VPS13 is required for normal mitochondrial function. protein for these processes. All of the mutants were proficient for sporulation ( Table 2 ). The vps13-L1107P strain showed a defect in CPY sorting, whereas vps13-L66P and C89K behaved like wild type ( Figure 7C ). The phenotype in common for vps13-L66P, vps13-C89K, and vps13-L1107P was synthetic lethality with mmm1∆ ( Figure 7D ). Thus the inability to compensate for the loss of ERMES is associated with missense mutants that cause disease in humans.
The G718K mutation rescues the synthetic lethality of vps13-L66P and mmm1∆
The vps13-L66P mutant is phenotypically similar to vps13-GFP C in being specifically synthetically lethal with mmm1∆. Like vps13- either the ERMES complex or the NV junction complex protein Nvj1 have been found in metazoans. These lineage-specific complexes may therefore be more recent evolutionary innovations. In contrast, the VPS13 family is strongly conserved, suggesting a fundamental function in eukaryotic cells. The relatively modest phenotypes of vps13∆ in mitotically dividing cells is consistent with the idea that Vps13-mediated junctions are redundant with other membrane contact sites. In this view, Vps13-mediated junctions are important as "back-up" systems but are only primarily responsible for mediating interorganelle traffic at a few locations and conditions such as sporulation. Contact sites generally consist of both structural proteins that act to hold the two organelles together and transfer proteins such as oxysterol-binding protein or Lam-family enzymes (Murley et al., 2015; Olkkonen, 2015) . Very large size (>300 kDa) is a conserved feature of Vps13 family proteins. It is possible that the protein is large enough to provide both the tethering function and lipid transfer activity, thereby creating a functional membrane contact site on its own. Whether VPS13 functions solely at membrane contact sites is not clear. With respect to sporulation, VPS13 is required for wild-type levels of the lipids PtdIns-4-phosphate and PtdIns-4,5-bisphosphate in the prospore membrane (Park and Neiman, 2012) . One possibility is that VPS13 directly regulates the kinases and/or phosphatases that generate these different types of lipids. An alternative explanation is that Vps13-mediated contact sites are necessary to generate wild-type levels of PtdIns in the prospore membrane and, indirectly, PtdIns phosphate levels as well.
Regulation of Vps13 distribution
The presence of Vps13 at multiple locations raises the question of how the distribution of Vps13 is controlled. Vps13 localization varies both with growth medium and developmental stage. For sporulating cells, relocalization of Vps13 to prospore membranes requires the sporulation-specific gene SPO71 (Park et al., 2013) . On induction, Spo71 binds to Vps13 and recruits it to the prospore membrane. Ectopic expression of SPO71 changes Vps13 localization in vegetative cells (Park et al., 2013) . It may also be the case that different Vps13-binding proteins in vegetative cells recruit Vps13 to different sites of action. By extension, alleles that alter the function VPS13 may result from changes in interactions with specific binding proteins. Separation-of-function alleles of Vps13 may result from a failure to interact with specific binding proteins. For example, it is striking that all the mmm1∆ suppressor mutations in VPS13 have been found in domain II of the protein. One possibility is that these alleles have increased interactions with proteins at the mitochondrial-endosome interface. However, it seems unlikely that so many different mutations could increase affinity. A related possibility is that Vps13 is recruited to the NV junction through interactions between some protein and domain II. Mutations that alter the structure of domain II might reduce recruitment to the NV junction (or other some other site), making more Vps13 protein available for function at mitochondrial junctions. Similarly, alleles specifically defective in the mitochondrial homeostasis
Vps13 acts at membrane contact sites
There are several different types of membrane contact sites in a cell that allow communication between different organelles. Synthetic lethal interactions between components in different membrane contact sites indicate that these junctions are sometimes able to compensate for each other. For example, vCLAMP mutants are synthetically lethal with ERMES mutants (Elbaz-Alon et al., 2014; Honscher et al., 2014) . Lang et al. (2015) found that Vps13 localizes to vacuole-mitochondria contact sites, perhaps as a component of vCLAMP, which may explain the requirement of VPS13 for viability in the absence of ERMES. Our identification of Vps13 at endosomemitochondrion contacts indicates a second possible site through which VPS13 may act in parallel to ERMES.
Vps13 localizes to three different membrane contact sites-the NV junctions, endosome-mitochondria junctions, and vacuole-mitochondria junctions-and perhaps additional contact sites between endosomes and other organelles (Figure 9 ). We propose that in wild-type cells, these different membrane contact sites compete to recruit Vps13. When VPS13 is deleted, the protein is lost from all of the contact sites, leading to pleiotropic phenotypes. Because some of the Vps13-containing contact sites act in parallel to ERMES, vps13∆ cells depend on ERMES for survival. Mutations or conditions that change VPS13 distribution can phenocopy aspects of the deletion phenotype. For example, redistribution of the protein toward NV junctions depletes it from endosome-mitochondria junctions and renders the cell dependent on ERMES for growth. Conversely, redistribution of Vps13 so that it is enriched at mitochondrial contacts might increase the flow of materials into mitochondria through these routes, thereby making ERMES dispensable.
Contact sites between different combinations of organelles have been identified in both yeast and mammalian cells (Toulmay and Prinz, 2011; Schrader et al., 2015) . Although functions of these different membrane junctions are conserved in different organisms, many of the protein constituents are not. For example, no orthologues of FIGURE 9: Model for Vps13 intracellular distribution. In vegetative cells, Vps13 (orange circles) is found at membrane contact sites between different organelles (purple rectangles). At these sites, Vps13 acts to enhance exchange of materials, likely phospholipids, between the organellar membranes.
flanking sequences that can direct integration of the HIS3 cassette between nucleotides 4079 and 4080 of the VPS13 coding region. The amplified fragment was transformed into strain BY4741, and His + transformants were screened by PCR to identify strains carrying the insertion (VPS13::HIS3MX6int1360). The coding region for GFP was then amplified with primers that create an in-frame insertion of the GFP sequence between codons 1359 and 1360 of VPS13. The VPS13::HIS3MX6int1360 strain was cotransformed with this amplified GFP and pRS425-Cas9-SkHIS3-381, a LEU2-marked plasmid expressing both Cas9, and a guide RNA targeting the S. kluyveri HIS3 sequence (Jin et al., 2015) . Leu + transformants were screened for auxotrophy for histidine, and in-frame insertion of the GFP sequence was confirmed by PCR and DNA sequencing. Insertion of GFP at the same position in VPS13 was used to create strains JSP499-1, JSP560, and LUKE3 and was accomplished as described for JSP497, except that the starting strains were BY4742, RP201, and KO4 respectively. Similarly, VPS13-GFP 1360 was introduced into the SK1 strains AN117-4B and AN117-16D as described, and then these strains were mated to generate the diploid JSP528. The N-terminal GFP N -VPS13 fusion in strains JSP490 and JSP513 was also created using CRISPR/Cas9, but in these cases, the HIS3MX6 cassette and then GFP were targeted immediately upstream of the start codon. The starting strains were AN117-16D and BY4742, respectively. Strain JSP495 carrying DID2::mRFP was created by transforming strain GCY2 with pRS425-Cas9-SkHIS3-381 to introduce a doublestrand break into the HIS3MX6 cassette 3′ of the GFP sequence as well as a PCR fragment carrying the mRFP coding region flanked by sequences targeting mRFP to the 3′ end of DID2. Recombinational repair of the break resulted in replacement of the entire GFP-HISMX6 insertion with mRFP.
Various point mutant alleles of VPS13 were introduced using the CRISPR/Cas9 strategy. The codon to be mutated was first replaced by the HIS3MX6 cassette, and then cotransformation of pRS425-Cas9-SkHIS3-381 with a 75-mer, single-stranded oligonucleotide carrying the mutated codon was performed. The exception was the vps13-C89K mutation, in which the rescue fragment was amplified by PCR from pRS426-VPS13C89K (plasmid construction described later). Transformants were screened for loss of the HIS3 marker, and then the mutated region was amplified by PCR and sequenced to confirm the proper integration of the mutation. For strains JSP531, JSP533, JSP549, and JSP563 (VPS13-G718K), the starting strains were JSP499-1, RP301, BY4742, and JSP560, respectively. For strains RP201, RP202, RP203, and RP205 carrying disease alleles, the starting strain was BY4741. For strain RP301, the starting strain was AN117-16D.
Strains JSP536, JSP541, JSP545, JSP547, and JSP555 carrying kanMX6-marked deletions of VPS13, NVJ1, or VAC8 were generated using flanking primers to amplify the deletion allele from genomic DNA of the appropriate strains in the yeast knockout collection (Winzeler et al., 1999) . The amplified knockout fragments were transformed into strains GCY3, GCY4, JSP497, and GCY1, transformants were selected on plates containing G418, and the knockouts were confirmed by colony PCR. Similarly, the C-terminal GFP fusion to VPS13 was introduced into strain JSP549 by first amplifying the 3′ end of the VPS13 gene, along with the GFP coding region and the HIS3 selectable marker, from genomic DNA prepared from the VPS13-GFPc fusion in the yeast GFP-tagged collection (Huh et al., 2003) . Transformants were selected on synthetic defined medium (SD) -His plates and proper integration confirmed by PCR, generating strains JSP556 and JSP557.
JSP417 is a segregant from a cross of AN117-16D and HI27. JSP441, JSP442, and JSP443 are segregants from a cross between aspect of Vps13 function, such as vps13-L66P and vps13-GFP C , might interfere with binding to proteins that recruit Vps13 to the mitochondrion-endosome interface.
An alternative possibility is that the different point mutants affect levels of the protein rather than interactions with specific targeting proteins. For instance, the L66P mutation might simply lower the amount of protein, and mitochondrial homeostasis may be the activity most sensitive to Vps13 levels. Conversely, G718K might stabilize the protein, making more available to promote mitochondrial integrity. We have not been able to directly compare the levels of the proteins. However, if differences in protein stability were the basis for different phenotypes, it would still be consistent with the model that different subcellular locations compete for a limiting pool of Vps13.
The canonical NV junction is created by interaction of Nvj1 with Vac8. This interaction tethers the membranes, and, in addition, Nvj1 serves to recruit other proteins of the junction that are directly involved in material transport (Kvam and Goldfarb, 2004; Kvam et al., 2005) . However, contrary to a previous report (Lang et al., 2015) , Vps13 localization to the nuclear-vacuole interface is independent of NVJ1 and VAC8, and Nvj1 junctions appear to expand in the absence of VPS13. Taken together, these observations suggest that Vps13 is part of an alternative NV junction complex that perhaps has overlapping functions with the Nvj1-based junctions.
VPS13 and human disease
The finding that three different VPS13A disease-associated mutations are specifically defective in mitochondrial homeostasis has significant implications for VPS13-related human diseases. This correlation suggests that the ChAc disorder arises due to a specific defect in the mitochondrial function of VPS13A. Tagging of the C-terminus of VPS13 with GFP also specifically interferes with the mitochondrial homeostasis function, suggesting that the end of the protein is important for this activity. This idea is supported by the finding of a VPS13A mutation from ChAc patients that truncates the last 30 aa of the protein (Tomiyasu et al., 2011) .
This interpretation rests on the inference that the mitochondrial homeostasis function of VPS13 is conserved in VPS13A. Although the localization of Vps13A has been reported in different cell types, none of these studies observed Vps13A on mitochondria (Kurano et al., 2007; Hayashi et al., 2012) . However, localization may depend on the cell type or growth conditions. Given that ChAc is a neurodegenerative disease, it will be important to examine the possible association of Vps13A with mitochondria in mature neurons.
If mitochondrial dysfunction is the basis for the symptoms of ChAc, this would make ChAc similar to several other neurodegenerative disorders, such as Parkinson's disease, in which mitochondrial dysfunction is a common basis (Burte et al., 2015) . Moreover, defects in mitochondrial membrane contact sites have been suggested to be a common pathology in a variety of neurodegenerative disorders (Krols et al., 2016) . Thus an underlying mitochondrial defect would be consistent with this aspect of ChAc.
MATERIALS AND METHODS
Yeast strains and media
Yeast strains used for this study are listed in Table 3 . Unless otherwise mentioned, standard yeast media and genetic techniques were used (Rose and Fink, 1990) . Strains carrying different GFP fusions and VPS13 point mutations were generated using a two-step clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technique. For example, to create strain JSP497 carrying VPS13-GFP 1360 , the Saccharomyces kluyveri HIS3 gene was first amplified from pFA6a-HIS3MX6 (Longtine et al., 1998) Park and Neiman (2012) . Plasmid pRS316-MMM1 was generated by subcloning a 2.1-kb BclI fragment of yeast genomic DNA containing MMM1 into the BamHI site of the CEN/ARS/URA3 yeast shuttle vector, pRS316. This plasmid was previously given the name pRSMY6 (Hanekamp et al., 2002) . pVT100U-mtBFP was constructed by subcloning a HindIIImtBFP-XhoI fragment from pYES-mtBFP (Westermann and Neupert, 2000) into HindIII/XhoI-digested expression vector pVT100U (Vernet et al., 1987) . Plasmids pBN-mtRosella and pRS426-R20 are described elsewhere (Bockler and Westermann, 2014) .
Sporulation assays
Diploid cells were sporulated on Spo medium (2% agar, 1% potassium acetate, 0.05% yeast extract, and 0.05% glucose) at 30°C for 3-5 d. Three independent diploids from each cross were sporulated, and at least 200 cells were counted in each culture for the sporulation efficiency measurement.
For growth assay on plates, 3 μl of 10-fold serial dilutions were spotted onto yeast extract/peptone/glucose (YPD) rich medium and SD plus complete amino acids with 0.08% 5-FOA. These plates were incubated at 30°C until visible individual colonies were seen.
Western blot analysis
Exponentially growing cells (2 ml) were spun down to separate cell pellets containing internal cellular CPY and medium supernatants containing extracellular CPY. To prepare intracellular samples, cell pellets were resuspended in a solution of 100 μl of distilled water and 100 μl of 0.2 M NaOH and incubated for 5 min at room temperature. After pelleting the cells (6900 × g, 1 min), 50 μl of 1× SDS sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.1 mg/ml bromophenol blue, 0.36 M β-mercaptoethanol) was added to the pellets and the samples boiled for 5 min. To prepare the extracellular samples, 100% trichloroacetic acid (TCA) was added to the medium supernatants to a final concentration of 20% TCA. After 30 min of incubation on ice, the mixtures were centrifuged at TABLE 3: Strains used in this study. Continued JSP417 and KO4. JSP446 is a segregant from a cross between JSP441 and HI28 carrying P DIT1 -lacZ::LEU2. JSP491 is a segregant from a cross between JSP442 and JSP490. JSP552 is a segregant from a cross between CUY9002 and JSP497. JSP577 is a segregant from a cross between JSP441 and GCY1. JSP582 and JSP585 are segregants from crosses between JSP446 and RP205 or RP202, respectively. JSP590 is a segregant from a cross between JSP557 and KO4. JSP512 is a segregant from a cross between JSP495 and JSP499-1, and JSP527 was created by mating two segregants from this same cross.
Diploids JSYD1 to JSYD9 were generated as follows: BY4741 (VPS13) was mated to AN117-4B (VPS13) to create JSYD1. Haploids KO1 (vps13∆), GCY1 (vps13-GPF C ), JSP497 (VPS13-GFP-1360), RP201 (vps13-L66P), RP205 (vps13-C89K), RP202 (vps13-L1107P), and RP203 (vps13-Y2702C) were crossed with HI27 (vps13∆), resulting in JSYD2 to JSYD4 and JSYD6 to JSYD9, respectively. JSYD5 was generated by a cross of JSP513 (GFP N -vps13) and HI28 (vps13∆).
Suppressors of the mmm1∆ slow-growth phenotype were isolated from independent streaks of single colonies of THY23 (mmm1∆) on rich-glucose medium. Initial isolates were colony purified by streaking three times onto rich-glucose medium. These isolates were then backcrossed to an isogenic wild type (PTY33), sporulated, and subjected to tetrad analysis. Strains JHY14, KWY70, KWY75, KWY76, KWY80, KWY105, KWY109, KWY111, KWY114, KWY131, and MTY79 are segregants from those crosses carrying both mmm1∆ and the suppressor mutation.
Plasmids pRS426-VPS13-C89K was generated using site-directed mutagenesis. Briefly, a PCR fragment carrying the first 2345 base pairs of the VPS13 coding region (VPS13 fragA ) was cloned into the EcoRV site of pBluescript KS(+). Site-directed mutagenesis was performed in pBluescript KS(+)-VPS13 fragA using overlapping primers carrying the C89K (TGC-to-AAA) mutation, generating pBluescript KS(+)-VPS-13 fragA-C89K . The mutation was confirmed by sequencing performed by the Stony Brook University DNA Sequencing Facility. pRS426-4°C at 16,000 × g for 15 min to precipitate proteins from the supernatants. The precipitants were washed with 300 μl of cold acetone and resuspended in 20 μl of 1× SDS sample buffer. Protein samples were fractionated using a 10% SDS-polyacrylamide gel, transferred to nitrocellulose, and probed with a 1:1000 dilution of monoclonal anti-CPY antibody (Life Technologies, Carlsbad, CA). The secondary antibody, horseradish peroxidase-conjugated sheep anti-mouse (GE Healthcare, Little Chalfont, UK), was used at a 1:2500 dilution, and the signal was detected using the ECL kit (Bio-Rad, Hercules, CA).
Mitophagy assay
Cells were grown overnight in either YPA or synthetic medium containing 2% galactose, 2% raffinose, and 0.1% glucose and lacking leucine to select for the mtRosella plasmid (pBN-mtRosella; Bockler and Westermann, 2014) . Cells were washed with distilled water and diluted to a similar cell density of (1-2) × 10 6 cells/ml into either YPA from the YPA overnight culture or nitrogen starvation medium (0.17% yeast nitrogen base without amino acids and without ammonium sulfate; 2% glucose) from the synthetic medium overnight culture. The diluted cells were incubated at 30°C for 5.5 h and then examined by fluorescence microscopy.
Microscopy
Live-cell imaging was performed using either a Zeiss Axioplan2 microscope (Carl Zeiss, Thornwood, NY) with a Zeiss mRM AxioCam or a Zeiss Observer.Z1 microscope with an attached Orca II ERG camera (Hamamatsu, Bridgewater, NJ). Zeiss AxioVision 4.8 and ZEN 2012 (Blue edition) software were used to acquire images.
To visualize the vacuolar membrane, vacuolar lumen, and nucleus in live cells, FM4-64, blue CMAC, and Hoechst 33342 (all obtained from ThermoFisher, Waltham, MA) were used, respectively. FM4-64 was added for a final concentration of 2 μg/ml in live cells and incubated at 30°C for 1 h. Hoechst was then added to a final concentration of 3.3 μM, and the cells were incubated for an additional 10 min. Cells stained with FM4-64 and Hoechst were washed once in phosphate-buffered saline and observed by fluorescence microscopy. Blue CMAC was added to a final concentration of 100 μM to live cells and incubated at room temperature for 15-30 min. Cells were then washed once in fresh medium and observed by fluorescence microscopy.
To quantify the colocalization of Vps13-GFP 1360 and endosomes, strains JSP512 and JSP527, expressing both Vps13-GFP 1360 and Did2-mRFP were examined The percentage colocalization was defined as the fraction of GFP foci displaying overlap with RFP as defined by the presence of yellow (mixed red/green) signal. The percentage reported is the average of four independent experiments with at least 100 GFP foci counted in each experiment. The frequency of Vps13-GFP 1360 localization at endosome-mitochondrial junctions was determined in JSP512/pVT100-mtBFP possessing all three markers (VPS13-GFP 1360 , DID2-mRFP, and mtBFP). The GFP foci overlapping with mRFP foci were first identified as described, and the fraction of these foci that also overlapped with the mitochondrial BFP signal was determined. The percentage reported is the average of two independent experiments with 200 GFP foci scored in both experiments.
